In human albinism, part of the temporal retina projects abnormally to the contralateral hemisphere. This study was undertaken to test whether this abnormality can be identified with multifocal visual evoked potentials (mfVEPs) and whether it is evident in carriers of ocular albinism (OA1). METHODS. In 12 control subjects, 11 patients with albinism, and 5 female carriers of OA1 monocular pattern-reversal mfVEPs were recorded for 60 locations comprising a visual field of 44°d iameter (VERIS ver. 4.8; EDI, San Mateo, CA). For each eye and each stimulus location interhemispheric difference potentials were calculated and correlated with each other to assess the lateralization of the responses: positive and negative correlations indicate lateralization on same or opposite hemispheres, respectively. Misrouted optic nerves are expected to yield negative interocular correlations. Visual field locations without recordable responses were excluded from the analysis using a signal-to-noise threshold. The analysis also allowed assessment of the sensitivity and specificity of the detection of projection abnormalities. RESULTS. Sizable mfVEPs were obtained in all control subjects, carriers, and the three patients with albinism who had negligible nystagmus and visual acuity Ͼ0.25. Ninety-seven percent and 99% of the visual field locations were identified as normal in control subjects and carriers, respectively. While this indicates a specificity of the procedure of 97%, the sensitivity was estimated as 75%. Finally, in albinism, 55% percent of the responses were abnormally represented. CONCLUSIONS. In the absence of nystagmus mfVEPs are a powerful tool to identify, in a spatially resolved manner, abnormal visual field representations. No local representation abnormalities were evident in the female carriers of OA1. (Invest Ophthalmol Vis Sci. 2006;47:3195-3201)
I n humans, the nasal retina projects to the contralateral hemisphere, whereas the temporal retina projects ipsilaterally. Consequently, the line of decussation that divides crossed from uncrossed fibers normally coincides with the vertical meridian through the fovea. This normal projection of visual fibers from the retina is severely disrupted in albinism, where the line of decussation is shifted into the temporal retina, so that a great number of fibers from the temporal retina cross the midline and project contralaterally. [1] [2] [3] [4] [5] [6] [7] As a consequence, the visual cortex receives abnormal input, which makes albinism a promising model to examine cortical self-organization in humans.
The extent to which the temporal retina is affected by the projection abnormality varies greatly among patients with albinism. 8 -10 Therefore, a technique that samples the visual field for the abnormality with a high spatial resolution is necessary to describe the visual field topography of the projection abnormality. Such a technique would also help to identify abnormalities that are confined to small, circumscribed retinal areas that may be evident in carriers of albinism. Studies in cats have demonstrated small projection abnormalities in heterozygous carriers of albinism. 11, 12 Human carriers have so far been examined only with visual evoked potential (VEP) paradigms that did not allow for the differentiation of the projection pattern of distinct parts of the visual field. These studies failed to reveal any projection abnormalities, 8, 13, 14 perhaps because of the local nature of the potential abnormalities. It is therefore of great interest to examine human carriers of albinism with a technique that samples the visual field for abnormal representations at a high spatial resolution.
VEPs are a valuable tool for identifying the misrouting of the optic nerves in human albinism. 7,8,14 -16 In albinism, each eye projects predominantly to its contralateral hemisphere. Monocular stimulation of the central visual field is therefore expected to elicit greater VEPs on the hemisphere contralateral to the stimulated eye than on the ipsilateral hemisphere. As a consequence, the interhemispheric VEP difference should invert its polarity for left compared with right eye stimulation in subjects with albinism, whereas it should not depend on the stimulated eye in control subjects. Apkarian et al.
14 compared the polarity of the interhemispheric VEP differences obtained from occipital derivations for central stimulation of the left and right eyes. Indeed, they demonstrated the presence of inverted polarities in the subjects with albinism and its absence in the control subjects. This paradigm can be supplemented with a correlation analysis to simplify the approach and to enhance its objectivity: In albinism, the interhemispheric activation differences obtained for right and left eye stimulation are, due to the polarity inversion of the traces, likely to be negatively correlated. In contrast, in control subjects (i.e., in the absence of such a polarity inversion) the traces are likely to be positively correlated. 10,16 -18 This correlation approach therefore supports an objective analysis of even small signals.
Although conventional VEPs thus allow us to detect the projection abnormality typical for albinism, they do not allow us to screen the visual field at a high spatial resolution for the abnormality. This gap may be filled by multifocally recorded VEPs (mfVEPs). mfVEPs enable us to record cortical responses from a great number of distinct visual field locations within a short time interval and may therefore assist the identification of small projection abnormalities. 19 -22 The use of mfVEPs, however, is complicated by the convolution of the cortex, which results in a great intersubject variability of the responses and in false alarms in the detection of scotomas. 20, 23 Multielectrode recordings, 24, 25 interocular comparison of the responses, 26, 27 and refined analysis strategies 22, 24, 28, 29 have helped us to overcome these difficulties. Thus, mfVEPs open the possibility of identifying, with high spatial resolution, visual field locations that are affected by the projection abnormality that is typical of albinism.
We adapted previous conventional VEP approaches 10, 14, 16 to identify projection abnormalities with mfVEPs. We correlated interhemispheric activation differences for left-and righteye stimulation at 60 different stimulus locations. Thus, we obtained visual field topographies of normal and abnormal representations. We pursued three goals with our study:
(1) to demonstrate the projection abnormality in subjects with albinism; (2) to determine the specificity and sensitivity of the mfVEP approach in the detection of a projection abnormality; and (3) to investigate whether there are projection abnormalities in female carriers of ocular albinism (OA1).
MATERIALS AND METHODS

Subjects
Five genetically confirmed female carriers of OA1 (aged 23-67 years; median 36) and 12 control subjects (aged 23-66 years; median 30), including five women age-matched with respect to the carriers (within Ϯ3 years), participated in the study. Monocular visual acuity (Freiburg visual acuity test 30 ), if necessary with refractive correction, was Ն0.9. Eleven subjects with albinism (aged 22-54 years; median 37; nine men, two women; misrouting confirmed with the standard albino VEP paradigm 10, 14 ) participated in the study; visual acuity ranged from 0.1 to 0.6 and horizontal nystagmus amplitude from Ͻ0.4°to 8.5°(determined with the electro-oculogram). All subjects gave informed written consent before the study. The procedures complied with the tenets of the Declaration of Helsinki, 31 and the protocol was approved by the ethics committee of the University of Freiburg, Germany.
Stimulation
A VEP system (VERIS 4.8; Electro-Diagnostic Imaging [EDI], San Mateo, CA) was used for stimulus delivery and electrophysiological recordings. Supported by a chin rest, subjects viewed the stimuli that were presented at a distance of 30 cm on a computer monitor driven with a frame rate of 75 Hz. They were asked to fixate the center of a red cross that spanned the entire stimulus and thus served as a highly salient fixation target suitable for subjects with low visual acuity. The stimulus display, a circular dartboard pattern (see Fig. 4 ; diameter 45°; mean luminance 31 cd/m 2 ; contrast 95%), was subdivided into individual fields, each comprising a checkerboard of 4 ϫ 4 checks. The radial extent of the fields was scaled with eccentricity from 1.5°in the center to 7°in the periphery. The fields were stimulated independently with an m-sequence with 2 15 Ϫ 1 elements. m-Sequences consist of a pseudorandom succession of 0 and 1 states. These two states were represented by two contrast-inverted checkerboard fields. Patternreversal responses can therefore be extracted as the first slice of the second-order kernel response.
Electrophysiological Recordings
Procedure. Recording sessions were conducted in a dimly lit room and lasted around 2 hours, including preparation and breaks. Two stimulus conditions, left-and right-eye stimulation, were presented in a balanced design (a-b-b-a scheme).
VEP Recordings. mfVEPs were recorded with six gold cup electrodes referenced to the inion. Electrodes were placed 4 and 8 cm left and right to the location 1 cm above the inion and at P 3 and P 4 .
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The EEG was amplified with a physiological amplifier (Toennies), band-pass filtered (low-and high-frequency cutoffs, 3 and 70 Hz, respectively), and digitized at 1200 Hz.
Data Analysis
Second-order kernels were extracted using VERIS 4.8 (EDI, Inc.). Spatial smoothing and artifact rejection features available in VERIS were not used. All subsequent analysis was performed with IGOR 5.0 (WaveMetrics, Inc., Lake Oswego, OR). The traces were digitally lowpass filtered with a high-frequency cutoff of 30 Hz.
To assess signal presence we evaluated the signal-to-noise ratio (SNR), as described by Zhang et al. 28 using a "mean noise-window SNR." First, the records from the two blocks for each stimulus were averaged. Then the SNR for each ith sector (of the n ϭ 60 total sectors) of subject j was defined as
The denominator in (equation 1) is the average of the individual root mean squares (RMSs) of n ϭ 60 sectors in the noise window (325-430 ms after stimulus onset). An estimate of false-positive rates was obtained from the distribution of SNRs in the noise window for each ith sector, jth subject, mth electrode pair, and qth condition, according to Hood et al. 24 :
Thus, we calculated i ϫ j ϫ m ϫ q SNRs (i.e., 10,080 ratios; i ϭ 60 locations; j ϭ 28 subjects; m ϭ 3 electrode pairs; q ϭ 2 conditions [leftand right-eye stimulation]). An analysis of the distribution of these SNRs showed that SNRs Ն 0.75 are part of the noise distribution, with a probability of Ͻ3%. We therefore applied an SNR threshold of 0.75 to exclude "silent" visual field locations (i.e., without recordable signals) from our analyses. Thus, we included visual field locations with super-threshold responses (i.e., with recordable signals, which we will refer to as "responsive" locations). In our quantitative analyses we compared two stimulus conditions (i.e., left-and right-eye stimulation). Each stimulus location had to evoke superthreshold responses in at least one of the two conditions to enter the analysis (logical ORoperator). Thus, a bias of the results to one of these two conditions due to the thresholding procedure was avoided-for example, an AND operator would lead to an exclusion of stimulus locations that are suppressed below the SNR threshold in only one of the two stimulus conditions and would, as a consequence, cause an underestimation of possible interocular differences of the responses.
To assess the lateralization of the responses, we calculated the difference potentials for each of the three electrodes on one hemisphere and its corresponding electrode on the other hemisphere. We then selected for each visual field location the electrode pair with the greatest SNR during stimulation of either eye for further analysis. 24 This procedure ensured that the same electrode pair was selected for leftand right-eye stimulation. Next, the difference VEPs obtained for each eye were correlated with each other to obtain Pearson's correlation coefficient (r ranging between Ϫ1 and 1). For this correlation the "signal time window" (45-150 ms) was used. The correlation allows for the distinction of normal and abnormal projections of the optic nerves. Positively correlated traces indicate that both eyes project to the same cortical regions, whereas negatively correlated traces indicate that both eyes project to opposite hemispheres. 10, 16 It should be noted that the correlation approach is a more objective approach than a single peak analysis and therefore allows one to deal with small signal amplitudes.
RESULTS
Qualitative Assessment of mfVEP Examples
To assess the interhemispheric activation differences, the difference traces of the mfVEPs recorded at symmetrical elec- The signals shown in Figure 1 were characterized by a great variability of signal strength and shape across the visual field, which is a well-known feature of mfVEPs and is related to the cortical convolution. The comparison of the responses obtained from the two eyes and from the left and right hemifields highlights another two important features evident in the control subject (see Fig. 1A ; boxed traces are magnified in D): (1) Responses to left-and right-eye stimulation were very similar. Thus, a correlation of these traces yielded positive correlation coefficients, which will be detailed later in the article. (2) Traces on opposite sides of the vertical meridian tended to have inverted polarities. This result reflects the sensitivity of the bipolar recordings to interhemispheric activation differences. In a control subject, stimulation in opposing visual hemifields (i.e., left or right of the central vertical meridian) is likely to create activity on opposite hemispheres. It therefore evokes interhemispheric activation differences of inverted polarity. Thus, a correlation of traces from opposing hemifields yielded mainly negative correlation coefficients, which will be detailed later. These features were also evident in the traces obtained from the female carrier (Figs. 1B, 1D ). In the patient with albinism (Fig. 1C) , there was a more differentiated picture. Responses to the peripheral left and right visual field displayed the characteristics already demonstrated in the control (i.e., interocular similarity and inverted polarity of responses from opposing hemifields). Responses along a vertical stripe in the central visual field, however, differed (Figs. 1C,  1D ): (1) Response polarities after left-and right-eye stimulation were inverted (i.e., the responses are negatively correlated). 
Efficacy of mfVEPs in Subjects with Albinism
The overall efficacy of mfVEP recordings can be assessed from the number of responsive visual field locations. This number was equally high in control subjects and carriers of albinism 
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(i.e., 83% and 78% of the total number of fields, respectively; Fig. 2, left) . In albinism, a reduced number of visual field locations were responsive, which is related to both the amplitude of horizontal nystagmus and the subjects' visual acuity. The correlations with logarithmized nystagmus amplitude and visual acuity were significant at a level of P ϭ 0.013 and P ϭ 0.0009, respectively. Consequently, comparatively high visual acuity and low nystagmus amplitude are necessary to evoke sizable responses in patients with albinism. A rough guideline can be derived from our data: If horizontal nystagmus amplitude was below 2°and visual acuity above 0.25, at least 10 visual field locations (i.e., 15% of the total number of fields) were responsive. In three of the patients tested, both eyes met these criteria, indicating the possibility of assessing the visual field topography of the projection abnormality in these patients. We will refer to these as patients with "sizable" responses.
Visual Field Topography of the Interocular Correlation of the Difference mfVEPs
As described earlier, the identification of abnormal projections can be assisted by the correlation of the interhemispheric mfVEP differences obtained for left-and right-eye stimulation: Positive interocular correlations indicate a normal, negative an abnormal projection of the optic nerves. In Figure 3 , examples of the visual field topography of the correlations are given for a control subject, a carrier, and the three patients with albinism and sizable mfVEPs (see preceding section). In the control and the carrier, mfVEPs for all responsive visual field locations were positively correlated, which indicates that the visual field responses were lateralized on the same hemisphere for left-and right-eye stimulation. In the patients with albinism, response correlations are partly positive and partly negative, which corresponds to previous reports that demonstrated the projection abnormality only in a part of the visual field, mainly along a central vertical stripe.
9,10
Quantitative Evaluation of the Correlation-Based Detection Procedure
To assess the accuracy of the detection of the projection abnormality, we determined the specificity and the sensitivity of the detection procedure from the control data. This analysis was conducted for a threshold correlation coefficient of 0.0 as abnormal representations are expected to yield negative and normal positive correlation coefficients.
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Specificity. From the frequency distribution of the interocular correlation coefficients of the control subjects given in Figure 4A , it is evident that 3% of the correlation coefficients are negative, and 97% are positive. Consequently, for a threshold correlation coefficient of 0.0, the probability of false alarms is 3%, resulting in a specificity of the detection of an abnormal response lateralization of 97%.
Sensitivity. In albinism, negative correlation coefficients indicate abnormal visual field representations on opposite hemispheres. The sensitivity (i.e., the hit rate), cannot be derived from subjects with albinism as it is not clear which locations are expected to be represented on opposite hemispheres and which are not. In control subjects the situation is different. Here, opposite hemifields are, due to the normal projection pattern, represented on opposite hemispheres. As a consequence, responses evoked by stimulation in opposite hemifields are expected to be negatively correlated. Thus, we correlated the responses of control subjects obtained after stimulation at visual field locations that are mirror symmetrical along the central vertical meridian. The resultant frequency distribution is shown in Figure 4B . It is evident that 75% of the correlation coefficients are negative. Consequently, for a threshold correlation coefficient of 0.0, the sensitivity of the detection (i.e., the hit rate) is 75%. Interhemispheric asymmetries of the cortical morphology and reduced amplitudes for some visual field locations may underlie this reduced sensitivity. An assessment of the dependence of the sensitivity on eccentricity in the control subjects did not reveal any significant relationships (repeated-measures ANOVA; comparison of three eccentricity bins comprising two adjacent annuli each). Neither did we find a pronounced reduction of the sensitivity along the vertical meridian (repeated-measures ANOVA; left plus right central vertical meridian versus other locations), which suggests that fixational eye movements are not a major cause of the sensitivity reduction.
Remarkably, proportions of negative correlation coefficients almost identical with those of the control subjects were obtained for the carriers of albinism for the interocular and the interhemifield correlation (i.e., 1% and 72%, respectively; Figs. 4C, 4D). This similarity also holds, if the carriers are compared only to the five age-and sex-matched control subjects, which have 1% negative correlations for the interocular and 75% for the interhemifield correlation (data not shown). This is taken as evidence of an absence of a projection abnormality in the five carriers tested. The quantitative assessment of the correla-FIGURE 2. The number of responsive visual field locations. In the subjects with albinism, the number of responsive locations correlated with log(visual acuity) and log(nystagmus amplitude), as shown in the middle and at right (n ϭ 22 eyes). If visual acuity exceeded 0.25 and nystagmus was smaller than 2°(solid lines, arrows), at least 10 of the 60 visual field locations stimulated were responsive. For comparison, the median Ϯ quartiles for the control subjects (n ϭ 24 eyes) and the carriers (n ϭ 10 eyes) are given at left.
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tion coefficients is complemented by the frequency distribution obtained from the patients with albinism. In this case, it is due to the mixed abnormal and normal projection pattern of the optic nerves, expected that the correlation coefficients are partly positive and partly negative. Indeed, we obtained a flat distribution between Ϫ1 and 1 in these patients (49% of the correlation coefficients Ͻ0.0; n ϭ 11). However, as this also happens to resemble a noise distribution, it was of importance to evaluate whether the flat distribution might be due to noise. It must be noted that the intrusion of noise into the analysis is already minimized by the application of an SNR threshold, as detailed in the Methods section. If only a few visual field locations are responsive, however, residual noise leaking into the analysis has a potential to bias the analysis. We therefore applied a separate analysis including only the three patients with sizable responses (as defined above), to test whether a flat distribution is also obtained from a distribution, which is dominated by true responses. As a result, from this more conservative approach, we still obtained a flat distribution (55% of the correlations coefficients Ͻ0.0; n ϭ 3; see Fig. 4E ), which is likely to reflect the heterogeneity of the projection of the optic nerve fibers in albinism: The part of the visual field locations that is affected by the projection abnormality yields negative values, the other part yields positive values, and the transition zone yields values around 0.0. For the distributions shown in Figures 4A-E , the data from all individuals of the different subject groups were pooled. Finally, to assess the scatter of the individuals within a specific subject group, we determined the frequency of negative correlation coefficients for each subject. For a better comparability of control subjects and carriers we included for this analysis only age-related female control subjects. The population medians and upper and lower quartiles are depicted in Figure 4F . The results are similar to those shown in Figures 4A-E . We obtained 100% median specificity and 75% median sensitivity for the control subjects and similar proportions of correlation coefficients for the carriers (100% and 67%), which indicates a normal representation of the visual field in carriers. In contrast, a median of 43% of the visual field locations was misrepresented in albinism (for n ϭ 11). For the subset with sizable responses (n ϭ 3) a median of 64% are misrepresented, as shown in Figure 4F .
DISCUSSION
Correlation-based interocular comparison of interhemispheric mfVEP differences allowed us to detect visual field representations on opposite hemispheres with a specificity of 97% and a sensitivity of 75%. In albinism, 55% of the visual field locations viewed by the left and right eyes were represented on opposing hemispheres. This is indicative of the misrouting of the optic nerves that is typical of albinism. Our results furthermore correspond to previous reports that demonstrated the representation abnormality of a part of the visual field, mainly along a central vertical stripe. 8 -10 The detection of misrouting with VEPs may therefore benefit from the multifocal techniquehowever, as indicated by our data, only in subjects with negligible nystagmus and visual acuity Ͼ0.25.
Misrouting in Carriers of Albinism?
mfVEPs allow one to sample the visual field even for small representation abnormalities especially in subjects without nystagmus and with normal visual acuity. Carriers of albinism are therefore promising targets of this technique. In general, they have no signs of the visual dysfunction usually associated with albinism, but they may have some degree of misrouting. Animal studies report a projection abnormality, albeit reduced, in individuals who are heterozygous, normally pigmented carriers of albinism. 11, 12 In human carriers, this issue was previously investigated with the standard albino VEP paradigm, and no evidence of any misrouting was obtained, possibly because of the limited spatial resolution at which this approach samples the visual field. 8, 13, 14 This absence of misrouting is even more surprising, as a subgroup of human carriers-namely, those of ocular albinism type 1 (OA1)-is likely to be affected by mild pigment deficits of fundus and iris, due to the X-linked inheritance of OA1, which causes, via X-chromosomal inactivation, some cell lines to be normal and some to be abnormal. As a consequence, abnormal cell lines may cause an abnormal projection. However, even with the denser sampling of the visual FIGURE 3. Correlation of interhemispheric mfVEP differences in response to stimulation of the left and right eyes in a control subject, a carrier, and three subjects with albinism. The strength of the correlation is indicated by the diameter of the circles, the sign by its style: Solid symbols: a positive correlation (i.e., a normal projection pattern); open symbols: a negative correlation (i.e., an abnormal projection pattern); ϩ, visual field locations with subthreshold responses. An abnormal projection pattern is evident only in the subjects with albinism, particularly in the central visual field. As a reference the stimulus pattern is included. Note that it is roughly m-scaled, whereas an equidistant depiction of the symbols is given for clarity.
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field with mfVEPs, no evidence of misrouting was obtained in the carriers of OA1 tested. Although these results may indicate the possibility of a dissociation of misrouting and local pigment deficits, the matter clearly deserves more attention. Because of the interindividual variability of the phenotypes of OA1 carriers, investigation of a larger sample of subjects is needed, and caution must be exerted in the interpretation of the findings in the present study, as only five carriers were investigated. It is also of importance to test carriers of the other types of albinism that follow the autosomal recessive inheritance-OCA1-as they would be the human equivalent of the individuals that tested positive for misrouting in the animal studies (i.e., normally pigmented heterozygotes for mutations on the tyrosinase locus). 11, 12 So far, we have shown that mfVEPs can be used to sample the visual field for projection abnormalities at a fine scale and that in none of the five carriers of OA1 studied was an indication of misrouting observed.
Multifocal Stimulation Paradigm
Might the detection procedure benefit from a stimulation mode other than pattern reversal? Pattern-reversal mfVEPs are a common tool for investigating representations in the visual cortex. They proved to be effective for the detection of visual field defects in several previous investigations, 22, 26, 29, 33 and the present study demonstrates their advantage for the detection of projection abnormalities, particularly in carriers, as these persons do not have fixation instabilities. An alternative stimulation mode, pattern-onset, also deserves attention. Although the investigation of subjects with pronounced nystagmus might benefit from stimulation in pattern-onset mode, 34 -36 the investigation of the midperiphery (beyond 10°) of subjects without nystagmus (i.e., the carriers and control subjects of the present study) is likely to be impeded-in this region, pattern-onset mfVEPs are reduced compared with pattern-reversal mfVEPs. 37 Further it should be noted, that traces of pattern-onset and pattern-reversal mfVEPs share a high degree of similarity (correlation coefficient Ͼ0.6 37 ) and are, as a consequence, likely to originate from the same generators. Both stimulus modes are therefore expected to be similarly effective for the detection of the projection pattern of the optic nerves with mfVEPs. This stands in contrast with conventional VEPs, in which lateralization differences of pattern-reversal and pattern-onset responses are evident 38 that render pattern-onset preferable for the detection of response lateralizations with conventional VEPs. Detailed studies on the lateralization difference of pattern-onset and -reversal mfVEPs are needed to clarify this potential discrepancy of multifocal and conventional VEPs.
In the absence of oculomotor instabilities, mfVEPs allow us to detect the representation of visual field locations on opposite hemispheres with a high spatial resolution and are therefore a promising tool to test whether carriers of albinism are affected by small-scale projection abnormalities. In the five female carriers of OA1 investigated, we did not find evidence of such small-scale abnormalities.
